This study investigated the effects of replacement of fishmeal (FM) with poultry by-product (PBM) protein, supplemented with black soldier fly, Hermetia illucens (HI) larvae on growth, histomormhology, immunity and resistance to Vibrio harveyi in juvenile barramundi. Two hundred and twenty five barramundi averaging 3.51 ± 0.03 g were randomly allocated into three groups and fed isonitrogenous and isocalorific diets containing different levels of PBM supplemented with HI as follows: Control (FM based diet), 45PBM + HI (45% PBM supplemented with 10% HI), and 90PBM + HI (90% PBM supplemented with 10% HI) for 6 weeks. Results showed that dietary inclusion of 45PBM + Hi significantly improved the growth performance than control whereas growth inhibition occurred in the 90PBM + HI. The 45PBM + HI groups demonstrated significant increases in histometric measurements (villus and enterocyte width, and microvilli height) and acidic mucins. The impaired growth in 90PBM + Hi groups was further associated with multifocal necrosis in the liver, an upregulation of the stress related genes (HSP70 and HSP90) and increase in the levels of liver enzymes. When 45PBM + Hi was fed, survival against V. harveyi increased significantly and also an increase in serum immunity and immune-related genes in the head kidney was observed after infection.
and DHA; 22:6n-3) 23 , depressed growth performance 24 , reduced digestibility 25 and palatability issues 22 . In particular, deficiencies of amino acids and fatty acids is one of the main shortcomings to including higher levels of PBM in the diet of carnivorous fish.
Recently, interest has turned to insects as a promising alternative protein source in aquaculture 26, 27 particularly since insects are the main prey for many omnivorous and carnivorous fish in their natural environment 28 . Insects have received attention for animal feed production when compared to conventional animal protein sources due to an ability to grow in harsh environments, often commonly infested with a wide variety of microorganisms. Such environment may induce the target insects to produce many native bioactive peptides with anti-microbial, anti-fungal and anti-viral functions 29, 30 . Insects have been reported to contain biologically active antimicrobial peptides, which not only work against pathogenic bacteria, but may also boost species specific innate immune responses and promote some immunomodulatory effects 26 . Subsequently in veterinary and livestock production, these peptides have been considered as an alternative to antibiotics 31 . Nogales-Mérida, et al. 26 reported that insect derivate products including protein concentrates, chitins, oils and antimicrobial peptides not only enhance the growth performance, but may also boost the fish immunity. These authors recommended to include insect meal in fish diets at very low quantities to promote fish performance and immune system function. Black soldier fly, H. illucens (HI) belonging to the Diptera order is one of the promising source of insect protein due to containing from 40 to 54% crude protein and 15 to 49% crude lipid (dry matter basis), well-balanced amino acids similar to FM 32, 33 , and being a good source of minerals and a variety of vitamins 28 . Another important attribute of HI is the presence of antibacterial activity 30, 34 which, in low doses, may boost the immunity similarly to low doses dietary antibiotics 35 . In particular, PBM lacks certain functional components and therefore, supplementation of HI larvae with PBM could be an effective way to stimulate the growth, immunity and disease resistance against pathogens in juvenile barramundi.
Evaluation of histological changes in different organs is an effective way to assess the health status of fish. Hence, the relationship between dietary modification and the internal architecture of various tissues and cells has been a research priority in finfish production. Dietary effects of HI larvae on the histology of intestine and liver of rainbow trout, Oncorhynchus mykiss 1 , Jian carp, Cyprinus carpio var. Jian 36 clownfish, Amphiprion ocellaris 37 and Zebrafish, Danio rerio 38, 39 have been investigated, however, information on the histological structure of juvenile barramundi when fed HI remains largely unknown.
Barramundi, Lates calcarifer is a highly valued commercial species because of the fillet flavour and rapid growth 40 . It is popular for both freshwater and saltwater aquaculture and barramundi culture technology in ponds, tanks and cages is well established in Australia, Indonesia, Philippines, Malaysia, Thailand and Taiwan 41 . Intensive production of barramundi results in bacterial disease outbreaks namely Vibriosis, caused by V. harveyi which is the hindrance for sustainable barramundi production and causes a huge financial losses to fish farmers 42, 43 . Head kidney, a large active immunocompetent organ in teleost fish contain reticular cells, macrophages, plasma cells and lymphocytes involving in antigen trapping, phagocytosis and immunologic memory 44, 45 . Thus maintaining the immune function of head kidney is of importance in fish production. However, a significant effort has been given over the decades for barramundi nutrition to develop functional feed but to date, no information is available relating to the supplemental effects of HI larvae in partially or completely replacement of FM protein with PBM protein based diets. Hence, the aim of the present study was to investigate the effects of HI supplementation with PBM on growth, biometry indices, histological structure, immune response, immune-related genes and resistance to V. harveyi of juvenile barramundi.
Results
fish performance and survival. Feeding juvenile barramundi with different levels of PBM supplemented with HI larvae significantly influenced the growth performance, biometry indices and feed utilization ( Table 1) . When compared to the control, growth performance in terms of FBW, SGR and WG increased significantly (P < 0.05) in fish fed 45PBM + HI, while growth performance was significantly lower in 90PBM + HI groups. There was no significant difference (P > 0.05) in FI between control and 45PBM + HI but decreased significantly (P < 0.05) in 90PBM + HI when compared with control.
Biometry indices including HSI, VSI, SI and RGL with the exception of CF and IFI were not influenced by different diets (Table 1) . CF differed significantly (P < 0.05) with the lowest value observed in 90PBM + HI fed fish, whilst significantly lower value of IFI was observed in 45PBM + HI than the control and 90PBM + HI. At the end of the trial, survival rate in response to 90PBM + HI diet decreased significantly (χ 2 90PBM+HI = 3.69, df = 1, P = 0.035) than the control, though there was no significant difference observed between control and 45PBM + HI (χ 2 45PBM+HI = 0.58, df = 1, P = 0.447) ( Fig. 1 ). 
Histometric measurements and histochemistry in intestine.

Morphology of intraperitoneal adipose tissue.
Adipocytes sizes in intraperitoneal fatty tissue in the different experimental treatments are shown in Fig. 3 (A-D). The adipocytes size in fish fed 45PBM + HI decreased significantly (P < 0.01) than the control, whereas no significant difference was observed between control and 90PBM + HI ( Fig. 3D ).
Resistance and immunity against V. harveyi. The survival rate of barramundi when challenged with V. harveyi was significantly influenced (Kaplan-Meier, log-rank (Mantel-Cox); χ 2 (2) = 31.34, P < 0.001) by dietary supplementation of HI larvae and higher inclusion of PBM. At the end of the 14 days challenge trial, in comparison with the control, survival rate against V. harveyi in fish fed 45PBM + HI increased significantly (χ 2 45PBM+HI = 5.48, df = 1, P = 0.019), while a significant decrease in survival rate was observed with 90PBM + HI (χ 2 90PBM+HI = 110.71, df = 1, P = 0.001) ( Fig. 6A ). Serum lysozyme (t = 3.416, df = 10, P = 0.006) and bactericidal activity (t = 3.398, df = 2, P = 0.007) elevated in after-challenged 45PBM + HI groups when compared with before challenged 45PBM + HI groups, however there was no significant difference between before and after challenged groups fed control (t = 0.4378, df = 2, P = 0.6708) and 90PBM + HI diet (t = 1.940, df = 2, P = 0.0811) ( Fig. 6B ,C). Relative expression of complement C3 (t = 4.783, df = 2, P = 0.041) and C4 (t = 17.46, df = 2, P = 0.003) in response to V. harveyi upregulated significantly in 45PBM + HI compared to before challenge ( Fig. 6D ,E), while the expression levels of C3 and C4 between before and after challenged control and 90PBM + HI groups showed no significant difference. Feeding fish with control and HI larvae supplemented diet had no significant effect on MHC-IIb both in before and after challenged groups ( Fig. 6F ).
Discussion
Recently, HI larvae has received much attention in aquafeed production and different inclusion levels have been successfully evaluated on variety of fish species 28 . However, no research has been carried out to investigate the supplementation of HI with PBM in the diet of any marine carnivorous species. The results of the present study revealed that supplementation of 10% HI with 45% PBM significantly improved the growth performance of juvenile barramundi when compared with control. Inclusion of HI larvae as a replacement of FM enhanced the growth performance of juvenile turbot, Psetta maxima 46 , yellow catfish, Pelteobagrus fulvidraco 47 . However, growth performance and FI decreased significantly in fish fed 90PBM + HI compared to control, which are in line with the earlier study in our lab, where inclusion of 100PBM either non-bioprocessed or bioprocessed significantly depressed the growth performance (FBG, WG and SGR) and increased FCR in juvenile barramundi, Lates calcarifer 48 . The possible reason for poorer growth at high PBM levels could be a reduction of palatability, deficiency in some essential amino acids and fatty acids, inconsistency in biochemical composition and low digestibility in these feeds 12, 22 . Similarly, reduced palatability resulting from low feed consumption and a higher FCR have been reported in some marine carnivorous fish 14, 19, 49 when fed with the diets containing higher levels of PBM (>30%). However, one of the previous studies in our laboratory was able to include 90% PBM along with 10% tuna hydrolysate supplementation in the diet of juvenile barramundi, without altering the growth performance and FCR 50 . AST and GLDH are important liver specific enzymes in aquatic organisms, elevated rapidly in blood serum following liver cell damage and disinfection 51 . Serum AST and GLDH activity in the current study increased significantly in 90PBM + HI fed fish compare to control, implying that higher inclusion of PBM affected the functions of the liver, leading to the impairment of immune response in juvenile barramundi. However, Siddik, et al. 50 reported no significant influence on serum AST and GLDH activity between control and higher replacement of PBM treated juvenile barramundi.
HI supplementation with PBM significantly influenced the IFI with significantly lower value found in 45PBM + HI, while 90PBM + HI had no significant effect on IFI in comparison with control. The lowest IFI value in 45PBM + HI might be due to dietary medium-chain fatty acids, mostly C 6 -C 12, which are the main fatty acids of HI meal 52 and have been considered physiologically active compounds utilizing as an energy source and reducing the adipose tissue deposition 53 . Histological investigation of IFI can provide a valuable insight about the adipose cell size. In the current study, adipose cell size of intraperitoneal fat tissue significantly decreased in fish fed 45PBM + HI. Similar results were observed by Li, et al. 54 who reported a decrease level of IFI and adipose cell size with the concurrent upregulation of mRNA level of PPARα, a lipid hydrolysis gene in juvenile Jian carp, Cyprinus carpiovar. Jian when fed with 75 and 100% of HI oil.
The distal intestine is an important part of the gastrointestinal tract of fish, which is more sensitive to dietary modulation and has shown highest variations in the histometric measurements including villi, microvilli and number of goblet cells (GC) in response to dietary administration of alternative protein sources 55, 56 . In the present study, villi and enterocyte width and microvilli height increased significantly in fish fed 45PBM + HI, indicating the enlargement of digestion and absorption surface area. The observed shortening of villi and enterocyte width and microvilli height might be associated with poor growth performance and immune response in the 90PBM + HI. An earlier study reported that good growth performance and absorption efficiency are highly correlated with the longer villus height and width and height of microvilli 57 . Goblet cells (GCs) secret and synthesize acid and neutral mucins which are known to play an important role in lubricating, trapping and eradicating pathogens 58, 59 . The presence of greater number of acidic GCs in the present study in 45PBM + HI groups signals the protection of fish by binding and preventing the adherence of pathogenic bacteria in the intestinal epithelium. A possible explanation of such positive alterations in intestine may be related to the presence of higher amount of SFA (especially lauric acid, C12) in insects, these have been demonstrated to have positive effects on gut health because of their intestinal anti-inflammatory, antiviral 38, 60 and antibacterial activity 61 . Heat shock proteins (HSP) consisting of HSP70 and HSP90 are two important conserved cellular proteins elevate significantly in response to environmental stressors and feed factors 62, 63 . Irrespective of HI supplementation, both HSP70 and HSP90 upregulated significantly when fish were fed with increasing level of PBM, revealing that higher replacement of PBM imposed stress on juvenile barramundi. Similar results were observed in histological observation in the liver of juvenile barramundi where multifocal necrosis was observed in 90PBM + HI groups. Similar to our findings, Siddik, et al. 48 reported large vacuoles and irregular arrangement of liver in fish fed 100% of PBM and bioprocessed PBM.
Insects possess a wide spectrum of novel antimicrobial peptides which can exhibit activity against microbial-related disease 29 . Elhag, et al. 29 identified seven new gene (cecropinZ1, sarcotoxin1, sarcotoxin (2a), sarcotoxin (2b), sarcotoxin3, stomoxynZH1,and stomoxynZH1(a)) and three types of antimicrobial peptides in HI larvae, exhibiting diverse inhibitory activity against Gram-positive bacterium, Gram-negative bacterium and fungus, suggesting a potentially important role in controlling antibiotic-resistant pathogens. Similarly, Park, et al. 34 extracted low molecular weight antimicrobial factors from the HI larvae demonstrating a broad spectrum of antifungal and antibacterial activity. In the present study, fish fed 45PBM + HI diet revealed significantly higher survival rate against V. harveyi than other barramundi. Many earlier studies reported that dietary inclusion of insects at very low doses can enhance the disease resistance against pathogenic bacteria. For instance, Ming, et al. 64 reported a higher protection rate against Aeromonas hydrophila in black carp, Mylopharyngodon piceus after 60 days of feeding 2.5% maggot, Musca domestica meal. In red sea bream, Pagrus major, dietary inclusion of 5% housefly pupae protected 100% fish from Edwardsiella tarda while all fish fed control diet died within 10 days following bacterial challenge 65 . Interestingly, dietary intake of HI larvae modulated the phylum of Firmicutes and Proteobacteria in the intestine of rainbow trout, Oncorhynchus mykiss 66 and prebiotic bacteria in the gut of lying hens 67 . However, Li, et al. 68 did not find significant difference in antibody response against infectious pancreatic necrosis virus (IPNV) between reference and HI larvae treated Atlantic salmon, Salmo salar. The increased resistance to V. harveyi might be due to the presence of chitin in HI larvae. Esteban, et al. 69 resistance against pathogen in Gilthead seabream, Sparus aurata and common carp, Cyprinus carpio. However, regardless of HI supplementation, resistance to V. harveyi significantly declined in 90PBM + HI, revealing that higher inclusion of PBM has negative effects on immune function of barramundi. Similarly, higher replacement of FM with PBM impacted the immune function of sunshine bass, Morone chrysops × Morone saxatilis 71 and largemouth bass, Micropterus salmoides 72 . Enhanced disease resistance against V. harveyi deserve further study to evaluate how HI larvae influence the pathogenic microbes in fish. Several serum activities including lysozyme and bactericidal is an important indicator of innate immunity in teleost fish. Lysozyme, a low molecular weight alkaline protein is an important non-specific defense molecule in fish immune system 73, 74 and can protect the fish from the infectious disease by decomposing 1, 4 glycosidic bonds in the peptidoglycan of Gram-positive and Gram-negative cell wall 75 and its level has been reported to be www.nature.com/scientificreports www.nature.com/scientificreports/ enhanced in many fish species when expose to bacterial infection 76 . In the present study, HI supplementation significantly influenced the immune response of barramundi with significantly higher values of lysozyme activity observed in 45PBM + HI treated groups after being challenged with V. harveyi. Similarly, serum lysozyme activity enhanced markedly in yellow catfish, Pelteobagrus fulvidraco when fed with 31.9% black soldier fly larvae protein 47 . Also, dietary inclusion of 10% of yellow mealworm, Tenebrio molitor significantly elevated lysozyme activity against Gram-negative bacteria in European sea bass, Dicentrarchus labrax 60 . Bactericidal activity, a nonspecific response play an important role by inhibiting and killing infectious microorganisms 50, 77 . Earlier studies reported that dietary inclusion of partially defatted HI larvae can influence the beneficial bacteria in rainbow trout, Oncorhynchus mykiss and also HI larvae can eradicate Escherichia coli O157:H7 and Salmonella enterica 78 .
Complement system consisting of 40 difference protein molecules functioning either as enzymes or as binding proteins is an important part of innate and adaptive immune system 79 , playing a pivotal role in killing pathogens directly 80 and promoting humoral immune responses 81 . Ohta, et al. 82 identified a novel bioactive immune-activating polysaccharide composed of nine monosaccharides in the pupae of the melon fly belonging to Diptera, which induced proinflammatory cytokines and interferon β (IFNβ) in mouse against various pathogenic microorganisms and viral infections through the TLR4 signalling pathway. Complement C3 and C4 in the present study induced significantly in post-challenged 45PBM + HI groups. In line with the present study, upregulation of inflammatory genes including interleukin 1 β (IL-1β), IL-8, IL-10 and tumor necrosis factor α (TNF-α) was observed in the head kidney leukocytes of salmon fed 66 and 100% of HI larvae 83 . However, the stimulation of immune response against V. harveyi might also be due to either secretion of aintimicrobial peptides or due to presence of chitin in insects 26, 60, 84 or by other insects component 65 . Therefore, it is reasonable to hypothesize that supplementation of HI larvae with PBM can modulate the immune response of juvenile barramundi.
To conclude, PBM supplemented with 10% HI larvae effectively replaced 45% FM in feed for juvenile barramundi, supporting good growth with positive effects on histometric measurements. This results is also further supported by decrease in the size of adipose tissue cell size, enhancement of disease resistance against V. harvei, and elevated level of serum immune response (lysozyme and bactericidal activity) and complement systems (C3 and C4) following 24 hours of challenge test. However, 90PBM + HI significantly depressed the growth performance, reflected by the elevation of AST and GLDH activity and presence of multifocal necrosis in liver. The supplementation of HI larvae influenced the health of juvenile barramundi. However, the specific role(s) of chitin, antimicrobial peptide and/or bioactive polysaccharides of HI larvae on fish health need further investigations.
Materials and Methods ethics statements. The experiment was performed in a recirculatory aquaculture system (RAS) at Curtin
Aquatic Research Laboratory (CARL) in Curtin University, Australia in accordance with the Australian Code of Practice for the care and use of animals for scientific purposes, and all protocols was reviewed and approved by the Curtin University Animal Ethics Committee (ARE2018-37). During fish handling, AQUI-S ® (8 mg/L) was used for anaesthesia and an overdose of AQUI-S ® (175 mg/L) was used as euthanasia to achieve humane endpoint when fish reached a moribund condition, following the protocol of the Curtin Research Laboratories statement of purpose (SOP) of anaesthetizing and euthanizing of fish. All experimental efforts were dedicated to minimise stress, pain and discomfort to the fish.
Diets.
Three test diets to be nearly isonitrogenous (47% crude protein) and isolipidic (13% crude lipid) containing different levels of PBM and supplemented with HI larvae meal ( Table 2) were formulated from the ingredients procured from Specialty Feeds, Glen Forrest Stockfeeders, 3150 Great Eastern Highway, Glen Forrest, Western Australia 6071. The control diet contained 100% FM and the other two diets contained 45 and 90% PBM along with the 10% of HI larvae supplementation, abbreviated as 45PBM + HI and 90PBM + HI, respectively. All test diets were pelletized to 2.5 mm long and packed by Specialty Feeds, delivered to CARL and stored at −20 °C prior to the commencement of the trial. Trial ingredients and formulation are summarized in Table 2 .
fish husbandry and management. The experimental design and analytical procedures are presented in Fig. 7 . A total of 350 barramundi (mean weight = 1 g) were provided by the Australian Centre for Applied Aquaculture Research (ACAAR), Fremantle, Australia, transported in an oxygenated plastic bag and adapted to the rearing condition and facilities for two weeks at CARL in 300 L seawater tanks. The fish were fed a commercially formulated diets (470 g protein kg −1 and 20.0 MJ kg −1 gross energy) three times daily. Following acclimatization and size grading, 225 juvenile barramundi weighing 3.40 ± 0.03 g (mean ± SEM) were randomly split into 9 independent tanks (25 fish/tank). An aerator and electric heater was equipped with each tank and also an external bio-filter (Astro ® 2212, China) was set up to filter the water. Water quality parameters in term of temperature (27.90-29.20 °C), dissolved oxygen (5.92-7.42 mgL −1 ), salinity (32-36 ppt), ammonia nitrogen (<0.50 mgL −1 ) and nitrite (<0.50 mgL −1 ) were checked every day and maintained within the range suitable for barramundi production 57 . Fish were reared under a 14:10 h light: dark, with the light period from 08:00 am to 10:00 pm using an automatic indoor timer (Clipsal, Australia). Each diet were hand fed in triplicate until apparent satiation twice a day (8.00 am and 6.00 pm) for 6 weeks. In order to calculate feed intake, uneaten feed was collected by siphoning from the bottom of the tank one hour after each meal, oven dried in aluminium cups for 36 h at 60 °C and then weighed. Throughout the 6 weeks of trial, mortality, if any, were checked daily to assess the fish survival rate and dead fish were weighed. After 6 weeks feeding, the fish in each tank were food deprived for 24 h, anaesthetized with AQUI-S ® at 8 mg/L prior to bulk weigh and then individually counted to evaluate the growth performance and survival. calculation. At the beginning and end of the 42 days feeding trial, all fish were weighed to nearest to 0.1 g and fish growth performance (WG, SGR, FCR and survival) and feed intake were calculated as follows: www.nature.com/scientificreports www.nature.com/scientificreports/ following the standard histological procedures. Histological slides were digitally photographed under a light imaging microscope (BX40F4, Olympus, Tokyo, Japan).
Intestinal section were further subjected to two different stains including Periodic Acid-Schiff (PAS) and Alcian Blue (AB) pH 2.5 staining to identify neutral mucins and acidic mucins, respectively. Both type of mucins were counted from ten intact randomly selected villi, as described earlier by Elia, et al. 1 . Ten intact villi were randomly selected to measure the intestine histometric in terms of villi height and width, enterocyte width, muscular wall, submucosa thickness and microvilli height and diameters of adipocyte were measured using ImageJ software.
challenge trial with V. harveyi. The pathogenic bacteria, V. harveyi used in the challenge trial was provided by Diagnostic and Laboratory Services, Department of Primary Industries and Regional Development (DPIRD), 3 Baron-Hay Court, South Perth WA 6151. Cultures were incubated for 24 h at 24 °C in trypticase soy broth (Oxoid, Basingstoke, UK) culture medium. The culture was centrifuged for 15 minute at 5000 g and the discarded pellets were suspended in PBS (phosphate-buffered saline, pH 7.2) for challenge trail. The bacterial suspension was adjusted to 5.4 × 10 7 cells/mL for challenge test.
The challenge trail in this study were conducted following an established CARL protocol 50 . Briefly, after 6 weeks of growth trial, 10 fish from each treatment group including the control maintaining the same replicate were selected at random and distributed to another 12 glass aquaria having 100 L capacity. Out of 12 aquaria, 9 were used to analyse the probability of survival and the remaining 3 were utilized for blood collection. Following acclimation for www.nature.com/scientificreports www.nature.com/scientificreports/ three days, fish were injected intraperitoneally by using a 1-mL syringe and 27-gauge needle with a lethal dose of 0.1 mL of V. harveyi suspension containing 5.4 × 10 7 cells/mL and fed with same experimental diets once daily after returning the challenged fish into the respective aquaria. The signs of fish infection were monitored and recorded three times a day (7:00 am, 2:00 pm and 9:00 pm) for 14 days and infected fish were subjected to euthanasia with AQUI-S ® at 175 mg/L for 20 minutes according to the protocol of the CARL SOP of euthanizing of fish.
Blood and serological parameters. At the end of the feeding and challenge trial, blood and serum samples were collected to determine biochemical and immunological indices. Six fish from each replicate (18 fish/ treatment) were anaesthetized randomly using AQUI-S ® (8 mg l −1 ) and blood from these fish were collected from the caudal vein using 1 mL heparinized and non-heparinized syringes and pooled. Then blood in non-heparinized tubes were kept in room temperature for 24 h until coagulation followed by centrifugation (3000 rpm, 15 min) at 4 °C to obtain serum and stored at − 80 °C for the analysis of immunological indices such as lysozyme and bactericidal activity, and serum biochemical indices including aspartate aminotransferase (AST), glutamate dehydrogenase (GLDH), triglyceride and cholesterol.
Both serum lysozyme and bactericidal activity were analysed in before-challenged and after-challenged fish, following the method earlier described in Le and Fotedar 85 . Serum biochemical indices including AST, GLDH, TG, and cholesterol were assessed according to the method of Siddik, et al. 50 .
RnA extraction and qRt-pcR analysis. Liver and head kidney tissues from six euthanized (AQUI-S ® , 175 mg l −1 ) fish (two/replicate) each from control and HI supplemented groups were harvested after 42 days feeding of the trial and 24 h post infection, preserved in RNA Later (Sigma-Aldrich, Germany) and stored at − 80 °C prior to RNA extraction. For RNA extraction, the harvested frozen tissues were thawed, homogenized and ground into a fine powder. The total RNA was extracted with RNeasy Mini Kit (Qiagen, Hilden, Germany) from approximately 5 mg of various tissue samples and RNase free DNase-I (Qiagen, Hilden, Germany) was used to treat extracted RNA to remove DNA contamination. After checking the quality and quantity of RNA with gel electrophoresis and NanoDrop spectrophotometer 2000c (Thermo Fisher Scientific, USA), 1 µg of RNA for each sample (liver and head kidney) was used to synthesize complementary DNA (cDNA) Omnicript RT kit (Qiagen, Hilden, Germany) following the instruction of manufacturer's company. qRT-PCR was carried out using PowerUp TM Cyber Green Master Mix (Thermo Scientific, USA) with 7500 Real-Time PCR System (Applied Biosystems, USA) and mRNA expression level of selected genes were normalised to the 18S rRNA and Ef1-a, housekeeping genes (Table 3 ) and calculated using 2 −ΔΔct method.
Statistical analysis.
Group of fish/tank were used as experimental unit for data on growth, while individual fish were used as experimental unit for data on biometry indices, histomorphology, serum biochemical parameters, immune parameters and gene expression, as no tank-relevant effect was observed during the trial. The results of growth performance, biometry indices, histomorphology and immune parameters were expressed as mean ± standard error of mean, and subjected to normality and homogeneity of variances with Shapiro-Wilk's and Levene's tests. When both tests were satisfied, an ordinary one-way ANOVA with Dunnett's multiple comparisons test was applied to test the statistical significant difference at 0.05 < P < 0.001 where diet was used as explanatory variable. Survival curve of barramundi at the end of the trial and after being challenged with V. harveyi were estimated by Kaplan-Meier method, followed by pairwise multiple comparison Log-Rank (Mantel-Cox) test. A paired student t-test was used to determine the significant difference between before and after challenge test groups.
Data availability
All datasets generated during the present study have been presented in the form of figures and tables but are available from the corresponding author on reasonable request. Table 3 . Primers of qPCR used in the experiment.
